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Abstract: 
While anaerobic digestion is a reliable method that treats the waste and produces renewable 
biomethane fuel, the necessary sludge in liquid form is difficult to handle due to the constant 
biogas generation. Therefore, this study investigates the possibility of convective air drying, 
namely heat pump and hot air circulation oven as preservation methods for anaerobic microbial 
sludge. Drying was conducted at various temperatures, ranging from 22℃ to 70℃. The study 
found that heat pump drying at 22℃ resulted in highest COD removal of 55.3% as well as the 
least log reduction in methanogens and anaerobes at 1.4 and 2.4 respectively. 
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Page 1 of 45
URL: http:/mc.manuscriptcentral.com/ldrt  Email: mpeasm@nus.edu.sg
Drying Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review Only
2 
 
 
1 Introduction 
Recent record shows that there are as many as 426 palm oil mills in Malaysia with a crude palm 
oil (CPO) production capacity of around 14 million tonnes annually[1]. An estimate of 
approximately 5 to 7.5 tonnes of water is required per tonne of Crude Palm Oil (CPO) produced 
where around 50% of the water used exits the mill in the form of palm oil mill effluent 
(POME)[2]. POME is liquid waste containing oil, plant debris, and nutrients produced from 
palm oil milling process. 
Although raw POME is non-toxic and largely biodegradable, treatment is necessary due to the 
highly polluting nature of POME as shown in Table 1[3–7]. On top of that, direct discharge to 
water bodies is prohibited as the contaminant levels in POME are far above the stipulated limits 
set by Department of Environment as shown in the last column of Table 1. 
In Malaysia, the most widely used effluent treatment scheme since 1982 is the 
anaerobic/facultative ponds [8]. Anaerobic digestion is the decomposition of organic material 
whereby the end products are biogas and sludge. This process is desirable due to low costs and 
low energy demand involved besides producing a biologically stable final product with good 
fertilizing properties as well high nutrient content [9,10]. Anaerobic digestion is primarily 
preferred for treatment of high strength wastewaters such as POME as there is sufficient 
substrate available for the conversion of the biodegradable pollutant into biogas [11]. 
Difficulty in supplying the solid-liquid mixture of microbial seed sludge for anaerobic treatment 
of POME has raised several issues that must be overcome in order to promote the practicality of 
this treatment option. Main concerns include limitations in storage and transportation due to 
constant biogas generation from the anaerobic digestion [12]. Drying of the seed sludge allows 
easier storage of additional sludge as the mass and volume are greatly reduced due to majority 
of water content evaporated [13–18]. In addition to space conservation, the dried product can be 
more easily transported in its inactive form, where biodegradation and biogas production is 
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halted in its dormant form which prevents fire hazard and risk of over-pressurisation[19,20]. 
Immediate backup is also made possible by having spare preserved sludge to cater for biomass 
replenishment in case of reactor upset. Moreover, efficient process engineering has been 
pursued in recent years for industrial drying of biomass [21]. 
There have been many studies conducted for the preservation of microorganisms, especially in 
the area of freeze drying. Numerous studies have shown that high cell viability of pure cultures 
can be achieved using freeze drying technique[22–25]. Despite its wide applicability, this 
method is cost intensive and requires long drying time which could be harmful to several 
delicate microorganisms [26,27]. Relatively inexpensive convective air drying has been 
considered as promising alternative to address problems encountered in freeze drying[28]. The 
application of convective air drying technique promotes the simplicity and ease of scalability of 
the technology. 
To date, research on the application of convective air drying for microorganism preservation, or 
more specifically for mixed culture preservation, is rather scarce and largely limited to 
agricultural and dairy industry [29–31]. Thus, this study aims to develop dried mesophilic 
mixed culture from economical convective air drying methods, namely heat pump and hot air 
circulation oven. Various drying conditions were also investigated to achieve the highest 
possible cell survival, methane yield, and treatment performance during treatment of POME. 
2 Materials and Methods 
2.1 Sample preparation 
Seed sludge and palm oil mill effluent (POME) with characteristics as shown in Table 2 and 
Table 3 respectively were obtained from the palm oil mill at Seri Ulu Langat in Dengkil, 
Malaysia. During cultivation, intermittent feeding of POME as substrate was done in order to 
maintain the microbial population in the seed sludge. 
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2.2 Cultivation of mixed culture in UASB batch reactor 
An up-flow anaerobic sludge blanket (UASB) reactor with an effective volume of 2.5L as 
shown in Figure 1was used to cultivate mesophilic sludge. The up-flow mixing of the system 
was provided by recirculating the mixed liquor from top to the bottom of the tank using a dosing 
pump. The top of the tank was connected to an inverted measuring cylinder filled with acidified 
water through rubber hose for the purpose of biogas collection. To prevent the carbon dioxide in 
biogas to dissolve, the water is acidified to pH<2 using phosphoric acid (Merck). 
To start-up, 625 mL of seed sludge which represents 25% of the working volume is fed to the 
tank, while the remaining 75% consists of diluted POME. pH of the system was maintained in 
the range of 6.8-7.2 through the addition of 2 mol/L NaHCO3(John Kollin Corporation) to 
ensure satisfactory methanogenic activity[32]. 
Treated effluent was collected by first switching off the dosing pump and letting the mixture in 
the bioreactor to settle for 30 minutes. After which the top portion of the mixture was collected 
as supernatant and sent for qualitative and quantitative analysis. 
The effectiveness of adopted treatment systems are generally quantified by the extent of 
Chemical Oxygen Demand (COD) reduction of the POME as a measure of the amount of 
organic matter in the wastes [6]. The extent of reduction is normally expressed in term of 
percentage removal and calculated as follow 
 		
 = ( − ) × 100% Equation 1 
 
where  and are initial and final concentrations respectively, in mg/L 
COD removal is calculated based on Equation 1 and is used as criteria for increasing load in the 
feed. Higher load, i.e. lower dilution is charged into the digester when COD removal is higher 
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than 80% or when there is less than 5% increase for 3 consecutive readings. Dilution was 
reduced systemically from 10x, 5x, 2x, until eventually POME without any dilution was fed into 
the anaerobic digester to study the growth kinetics of the mixed culture. The then matured 
mixed culture seed sludge was extracted from the batch reactor for drying procedure. 
2.3 Drying method 
Mesophilic mixed culture sludge was extracted from bottom portion of bioreactor in Figure 1. 
Petri dish with diameter of 69.5 ± 0.3 cm was then used to contain 25.000 ± 0.005 g of the 
mixed culture sludge with solid content of 75.5 ± 6.7 g/kg and sample thickness of 6.0 ± 0.5 
mm. Three replicates were performed for each of drying condition to ensure repeatability. 
This study looks into convective air drying at near ambient temperature in hope to reduce cell 
stress. As hot air circulation ovens are only capable of operating above ambient temperatures, 
heat pump dryer was used to assess drying below or equal to the ambient temperature[33]. 
2.3.1 Heat pump drying 
A laboratory-scale heat pump dryer fabricated by I-Lab Sdn Bhd (Selangor, Malaysia) was used 
in this research. The dryer consists of drying chamber of dimension80 cm ×9 60 cm ×9 60 cm 
and heat pump system whichcomprises of an expansion valve, a compressor, and two heat 
exchangers (condenser and evaporator) as shown in Figure 2.  Mild-temperature dehumidified 
air produced by heat pump system was used as drying medium. The dryer operated at 
temperature of 22.0 ± 1.0 ℃ andrelative humidity (RH) of 38.1 ± 1.5%. In addition, the dryer is 
equipped with an auxiliary heater which can be switched on to give drying temperature of 32.0 
± 1.0 ℃and RH of 29.5 ± 1.5%. The auxiliary heater is located at 38.1 ± 7.6 cm upstream of the 
drying tray. The average air velocity in the drying chamber was constant at 2.0 ± 0.1 m/s across 
the two drying conditions. The chosen drying conditions were set to provide about 10 degrees 
differences between the two heat pump drying conditions and the following oven drying 
temperatures. Drying was carried out by putting wet samples on flat mesh tray at the centre of 
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the drying chamber, parallel to the drying air which flows horizontally. The wet samples were 
removed, weighed, and replaced onto the drying mesh through a front-facing glass door of the 
drying chamber. Before drying commences, the heat pump dryer was switched on for 30 min to 
allow the system to stabilise. 
2.3.2 Hot air circulation oven drying 
Hot air circulation oven (Memmert UFB500, range 30-220℃ with accuracy of ±0.5℃) was 
used to conduct drying at average temperature and relative humidity of 40.0℃, 50.0℃, 60.0℃, 
70.0℃ and 19.9%, 16.1%, 7.4%, 4.7% respectively. The drying chamber has a dimension of 53 
cm × 47 cm × 39 cm (Width×Height×Depth) where air is circulated by an air turbine with 
measured average velocity of 1.9 m/s for all drying temperatures. Incoming air is preheated 
before entering the chamber through ventilation slots in the chamber side wall; the ventilation 
fan at the back of the chamber wall produces a large air output and a horizontal forced air 
convection to dry the samples on the drying tray. Similar to heat pump, the oven was allowed to 
operate at desired temperature for at least 30 minutes in order to achieve steady state condition 
prior to the commencement of drying experiment. 
2.4 Drying characteristics 
For each drying experiment, the weight of each sample was measured using electronic balance 
(A&D GX-1000) every 10 minutes interval for the first hour, every 20 minutes interval for the 
second to third hours, and every 30 minutes for the fourth to sixth hours. Beyond six hours, 
weights of the samples were recorded every 1 hour until equilibrium moisture content (EMC) 
was achieved. EMC was determined to be the point of time when the measured weight in grams 
at accuracy of three decimal places no longer shows reduction for three consecutive readings. 
Each measurement was performed in under 60 seconds as not to disrupt the overall drying 
process [34]. 
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The average bone dry weight () of each sample was obtained by further drying the sample at 
105℃ for 24 hours.  was then used to calculate the moisture content using the following 
equation [35] 
  =  −  Equation 2 
where represents moisture content at time  in gram H2O/gram dry solid,  represents 
weight of sample in gram at time . Moisture contents in dry basis was employed as opposed to 
wet basis as it is more relevant for engineering research [36]. 
Correspondingly, moisture ratio () of the sample was calculated as follow 
  = ( − !)(" − !) = ##" Equation 3 
where  refers to moisture ratio while ", , and  ! represent the moisture content of the 
sample at initial, certain drying time , and at equilibrium (EMC) respectively. In addition, 
#" and # represent initial free moisture content and moisture content at certain drying 
time . 
2.5 Drying kinetics 
Drying involves a complex heat and mass transfer which mostly occurs at unsteady state. 
Development of theoretical understanding for parameters governing this complex process is 
significant. Typically, mathematical models are used to fit the experimental data to provide 
mathematical representation that could serve as basis for future predictions. 
This study employed thin-layer drying models that have been widely used to reliably represent 
various drying process in vegetables and fruits [29]. They include semi-theoretical and 
empirical models derived from Newton’s law of cooling, Fick’s second law of diffusion and 
modification of its simplified form. These models are simpler to use and require fewer 
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assumptions as compared to purely theoretical models [29]. The tested mathematical models are 
shown in Table 4. 
The experimental data from drying kinetic were fitted to the equations in Table 4using non-
linear regression in SigmaPlot v12.0 software. The coefficient of correlation ($), root mean 
square error (%&) and chi-square (χ2) were then calculated as follow 
$ = '∑ ()* , × ,),)-./ − (∑ )* ,) × ( ,),)-./0'∑ ()* ,)1 − (∑ )* ,-./ )1-./ × 0'∑ ( ,),)1 − (∑ )* ,-./ )1-./  Equation 4 
 %& = 2∑ ()* , − ,),)1-./ '  Equation 5 
 31 = ∑ ()* , − ,),)1-./ ' − '4  Equation 6 
where ' is the number of data and '4 is the number of constants in the model, while subscript 
5$ and 65 refer to predicted and experimental value respectively. 
Values of $, %& and 31were used to evaluate the fitness of each model to the experimental 
drying curve. Model with the highest value of $ as well as the lowest values of RMSE and 32 
was chosen as the best fit to the experimental drying curve. 
2.6 Drying rates 
Plot of drying rate curve of a particular drying process enables understanding of the relationship 
between moisture diffusion from within the solid particles and the corresponding evaporation on 
the outer solid surface. The drying rates of a substance at various moisture contents during the 
drying process can be calculated by 
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  = 7 (8/ −)(8/ − )  Equation 7 
where  gives the drying rate in 9	:1/1. => between time > and > + 1 during the drying 
process, while 7 is the exposed drying area of the sample being dried which was measured to be 
0.005027 1[35]. 
Consequently, the average drying rate can be can be calculated using the following equation 
 	@A =B' 	
-
./
 Equation 8 
where  refers to drying rate at data point =and ' represents total number of data points. 
2.7 Moisture diffusivity 
The analytical solution of Fick’s second law of diffusion is displayed as Equation 9 below and 
was used to calculate effective diffusivity,  [37]. The values of   at various moisture 
contents (represented by corresponding experimental  in Equation 9) at each respective 
time  were obtained through Goal Seek function in Excel™ software. This was done for all 
moisture contents in each drying temperatures 
  = 8D1 EB 1(2> + 1)1 expJ−(2> + 1)
1D1 K1 L 	
M
.N
O 
Equation 9 
where > is positive integer,  is drying time in P, and K is thickness of sample in  
Subsequently, the average effective diffusivity,  ,@A, for each drying temperature can be 
calculated using Equation 10below[38] 
  ,@A =B ()' 	
-
./
 Equation 10 
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where  () represents effective diffusivity at certain moisture content = and ' represents 
total number of data points. 
The plot of diffusivity values obtained from Equation 9 against the respective moisture contents 
could exhibit the shape from one or more of the four regions depicted in Figure 3. Region I and 
II shows the existence of a maximum diffusivity when drying occurs at low moisture content in 
which vapour phase diffusion is the dominant mechanism [39]. The variation in effective 
diffusivity over moisture content typically differs between drying materials. 
2.8 Quality analysis 
The quality of dried mixed culture mesophilic sludge was evaluated by assessing the viability of 
microorganisms after drying. To do that, the dried mixed culture was first rehydrated before it 
can be evaluated for cell survival, COD removal, and methane yield. 
2.8.1 Rehydration of mixed culture 
Rehydration of mixed culture is done by restoring the amount of water that was evaporated 
during drying. In this study, rehydration was performed right after drying process has completed 
and samples had been allowed to cool down or warm up to ambient temperature. Rehydration 
was performed by adding distilled water in the amount equivalent to that lost during drying 
process and agitated in incubator shaker at 37℃ and 250rpm for 18 hours. The resultant 
rehydrated mixed cultures were then evaluated for cell survival by obtaining the most probable 
number (MPN) of microorganisms contained in the sample. The rehydrated sample was also 
evaluated for its performance in treating POME through assessment of the COD removal and 
methane yield. 
2.8.2 Cell survival 
MPN enumeration was conducted to obtain the cell count of microorganisms following drying 
process. All procedures for MPN enumeration were conducted in the biosafety cabinet after 
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required culture medium, distilled water, and glassware had all been sterilised in autoclave 
(Hirayama HV-85) to avoid contamination of the samples. 
Culture medium was prepared by dissolving 30 grams of tryptic soy broth (TSB) in 1 litre of 
distilled water. Next, serial dilutions of seed sludge were prepared by adding 1mL of sample 
into 9 mL of sterile distilled water until a 1012 times dilution is obtained. Subsequently, 1 mL 
from each dilution number was then inoculated into vials containing TSB. This was done in 
triplicates for each dilution to enable comparison with 3-tubes most probable number (MPN) 
table. The vials were then incubated under anaerobic condition for 8 days at 55°C. 
To obtain the MPN of total anaerobes, each vial was first determined to be either positive if the 
mixture was cloudy or negative if the mixture was clear after incubation. The combination of 
positive and negative tubes was then compared against MPN table to obtain a corresponding 
MPN value [40]. 
In contrast, MPN for methanogens was obtained by detecting the presence of methane using 
biogas analyser (Binder Combimass Ga-m, with accuracy of ±3% of measured values). Vials 
were marked as positive if methane is detected and negative otherwise. The combination of 
positive and negative tubes was compared against the same table as for total anaerobes above. 
The cell survival of microbes was subsequently determined by calculating logarithmic reduction 
from MPN of rehydrated sludge relative to MPN of the original seed sludge using the following 
equation 
 K	9	QRS=	> = log	(W'X "* 	*YAW' *	*YA ) Equation 11 
2.8.3 COD removal 
A 250mL Schott Duran Bottle was set-up as bioreactor where 50mL of rehydrated mixed 
culture was used to treat 150 mL of POME after pH adjustment by adding 1mol/L sodium 
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bicarbonate. Supernatant was collected regularly for a period of 12 days from the bioreactor 
after allowing 30 minutes settling time. It was then analysed for COD level by following HACH 
Method 8000 which is USEPA approved for wastewater analyses (Standard Method 5220 D). 
The final COD value after treatment was compared with the initial value before treatment using 
Equation 1. 
2.8.4 Methane yield 
Daily monitoring of bioreactor was conducted over 12 days period to obtain both biogas volume 
(mL) and methane composition (%). Biogas volume was measured by capturing the produced 
gas in an inverted measuring cylinder as illustrated in Figure 1 while its composition was 
obtained using biogas analyser Binder COMBIMASS® Ga-m. The trapped gas within the 
inverted measuring cylinder was drawn into biogas analyser using built-in suction pump. 
2.8.5 Volatile suspended solids (VSS) 
VSS measurement for mixed culture sludge was conducted according to 2540 D method [41]. 
2.8.6 Biochemical oxygen demand (BOD3) 
BOD3 was conducted as outlined in Standard Methods [41]. Dilution water was not seeded as 
sufficient microorganism was present in the sample. The dissolved oxygen values were 
measured with YSI 5100 DO Meter. 
2.8.7 Total suspended solids (TSS) 
HACH Method 8006 was adopted for the analysis of TSS using 10 mL sample cell. Each 
sample was swirled gently before measurement to suspend any settled solids. 
2.8.8 Statistical Analysis 
The experimental work were run in triplicates and statistically analysed through analysis of 
variance (ANOVA) using SAS® Studio 3.7. Obtained mean values were compared by Tukey’s 
studentised ranged test at 95% confidence level. 
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3 Results and discussion 
3.1 Drying duration 
Table 5 shows that the average drying time of mesophilic mixed culture decreases with 
increasing drying temperature. Low temperature drying using heat pump takes longer time 
compared to high temperature drying using hot air circulation oven drying as heat pump was 
operated at drying temperature that is equal to- or below ambient temperature and thus relies on 
low relative humidity as the main driving force. Generally, higher temperature of drying air 
enables greater transfer of heat from air to water molecules in the mixed culture [42]. This gives 
rise to higher rate of evaporation and hence shorter time required for the drying process to 
complete. Air at higher temperature also has greater capacity to hold moisture and thus hotter 
air is able to remove more water molecules than colder air of the same flow rate [43]. 
Nevertheless, inverse correlation between drying temperature and total drying time presents a 
challenge. On one hand, better survival of microorganism is achieved by drying at low 
temperature and short drying time due to minimisation of heat and osmotic stresses [44]. On the 
other hand, drying time inevitably increases when drying temperature is lowered as shown in 
Table 5. Therefore, further investigation into the drying outcome is essential to find balance 
between having sufficiently low drying temperature while at the same time preventing 
exceedingly prolonged exposure of the mixed microbiological culture to heat and dryness. Table 
5 shows that EMC of dried mesophilic mixed culture decreases with increase in drying 
temperature, ranging from 0.012 to 0.148 g free H2O/g dry solid. This trend is expected as 
higher drying temperature results in lower moisture content in drying air and thus is able to 
extract greater amount of moisture from the drying material. In drying of mesophilic lactic acid 
bacteria, the lowest allowable EMC was found to be about 0.055 ± 0.015 g free H2O/g dry solid 
[45]. It can be seen in Table 5 that only the EMC for heat pump drying at 22℃ and 32℃ fall 
within this range. 
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3.2 Drying kinetic 
The variation of moisture ratio with drying time obtained from experiment was fitted by various 
thin-drying models listed in Table 4. For each drying condition, the moisture ratio and time 
obtained from experiment were fitted to the nine mathematical models[46]. Statistical analyses 
were performed for all models are presented in Table 6. The best model with highest coefficient 
of correlation ($), lowest root mean square error (%&), and lowest chi-square (31) was 
highlighted in Table 6 and the relevant parameters are listed in Table 7.As indicated by $-value 
in Table 7, the degrees of fitness are slightly lower for the case of Oven 60℃ and Oven 70℃. 
This was due to greater temperature instability as drying temperature deviates further from 
ambient temperature. Nevertheless, the obtained models still well represent the drying process 
as shown by the values of %& and 31. The best fitted models are Approximation of 
Diffusion and Page for heat pump and hot air circulation oven drying respectively, both of 
which fall under the category of semi-theoretical model. This implies that heat pump drying of 
mesophilic mixed culture largely obeys the assumptions under Fick’s law which include 
negligible shrinkage, constant diffusion coefficients and temperature, and dominance of 
diffusion as the main moisture transfer during the drying process [47]. This applies suitably to 
heat pump drying where the main driving force is low relative humidity of drying air which 
causes outward diffusion of moisture from drying material. In contrast, the Page model assumes 
constant drying medium conditions due to sufficiently high air velocity[48]. This is especially 
true for hot air circulation oven drying where forced convection by fan is designed to ensure 
high degree of air circulation within the drying chamber. 
The Approximation of Diffusion and Page model which best fitted with data points from 
experimental run of heat pump (22 and 32℃) and hot air circulation oven (40, 50, 60 and 70℃) 
respectively are plotted in Figure 4. Higher drying temperature generally corresponds to more 
rapid reduction in moisture content, and thus lower moisture ratio across drying time. This is 
Page 14 of 45
URL: http:/mc.manuscriptcentral.com/ldrt  Email: mpeasm@nus.edu.sg
Drying Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review Only
15 
 
 
due to greater moisture holding capacity of hotter air as well as increased evaporation rate at 
higher temperature where the liquid molecules in the sample have more energy and are more 
likely to escape into the gas phase. 
3.3 Drying rate 
The average drying rates of mesophilic mixed culture range from 4.670 g H2O/m
2.min to 21.55 
g H2O/m
2.min as shown in Table 8. Additionally, the variation in average drying rates of mixed 
culture at various moisture contents during the drying process is presented in Figure 5. It can be 
observed from both Table 8 and Figure 5that low drying temperature correlates with low 
average drying rate, and vice versa. Thus, the average drying rates in ascending order are for 
mesophilic mixed culture dried under heat pump 22℃, heat pump 32℃, hot air circulation oven 
40℃, hot air circulation oven 50℃, hot air circulation oven 60℃, and hot air circulation oven 
70℃.In a plot of drying rates against free moisture content (Figure 5), the process starts from 
the right when moisture contents of the samples are highest. The starting free moisture content 
(FMC) for each drying rate curve ranges from 5.65 to 7.84 g free H2O/g dry solid as it depends 
on the EMC of each drying condition which is shown to be different in Table 5. 
Drying rate curve can normally be distinguished into three regions: initial transient state, 
constant rate, and falling rate period. Figure 5 shows that at the beginning of the drying process, 
initial transient period is observed due to the period required for the drying sample to achieve 
the targeted drying temperature and relative humidity. It can be observed from Figure 5 that the 
shapes of transient periods in oven drying are much more pronounced when compared with heat 
pump drying. This is due to greater temperature differences between initial and targeted sample 
temperatures. When the desired temperature is achieved, drying then enters constant rate period 
as layer of liquid film on the solid surface is continuously being evaporated and replenished by 
diffusion from interstice of solid [49]. Constant rate period is observed in heat pump drying but 
is absent in hot air circulation oven drying which directly experiences falling rate period. Falling 
Page 15 of 45
URL: http:/mc.manuscriptcentral.com/ldrt  Email: mpeasm@nus.edu.sg
Drying Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review Only
16 
 
 
rate period occurs when continuous liquid film on the surface of sample can no longer be 
maintained and further drying occurs through vaporisation of liquid within the sample. The 
shapes exhibited by curves signify that only second falling rate period is observed in all drying 
temperatures, suggesting that the movement of moisture in the mixed culture during the drying 
process is governed by internal diffusion [49–51]. 
3.4 Moisture diffusivity 
Figure 6 shows the variation of effective moisture diffusivity with the depletion of moisture 
content in mesophilic mixed culture for both heat pump and oven drying methods. The values of 
effective diffusivities increased notably with increasing drying temperatures for both heat pump 
drying and hot air circulation oven drying. Lower relative humidity at high drying temperature 
promoted moisture concentration gradient between the surface of drying sample and its inner 
interstices, which stimulates the effective moisture diffusion from the interior of the sample to 
the surface and thus produced higher value of effective moisture diffusivity. This behaviour 
follows region II of diffusion model in Figure 3, indicating that vapour phase diffusion governs 
the diffusion mechanism. At initial stage of drying, water removal works by liquid diffusion. 
However, as moisture content was continuously reduced during the drying process, the 
remaining water molecules within the mixed culture eventually vaporised and diffused as 
vapour at a higher rate, thus resulting in increased effective moisture diffusivity [52]. 
The average Deff for heat pump and hot air circulation oven drying were found to be in the range 
of 9.65×10-9 m2/s to 1.61×10-8 m2/s and 8.46×10-9 m2/s to 3.62×10-8 m2/s respectively as listed 
in the last column of Table 9. These values are within the range of those found in convective 
drying on various foods, fruits, and vegetables where effective moisture diffusivity values were 
found to be in the region of 10-11 to 10-8 m2/s [48,53]. This indicates that, judging from effective 
moisture diffusivity, drying of mesophilic mixed culture under heat pump and hot air circulation 
oven is able to achieve comparable performance and can thus be a viable alternative. While it 
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might be arguable to compare mixed culture to foods, fruits, and vegetables, data on effective 
moisture diffusivity for drying of microorganisms is either non-existent or unavailable in 
English at the moment. This challenge in finding the relevant study for comparison reiterates the 
importance of this study to serve as one of the pioneering works in the field of preservation of 
mixed microbiological culture through convective air drying. A sixth order polynomial 
relationship was found to well represent the variation in effective moisture diffusivity with 
changes in moisture content of mesophilic mixed culture. The general form of the equation is 
presented as Equation 3.1 below while the corresponding coefficients are tabulated in Table 9. 
   =B
Z
.N
 Equation 3.1 
where  is =-th coefficient a0 to a6 as tabulated in Table 9 below, and  is an independent 
variable, representing moisture content raised to the power of =: N (=1) to Z. 
3.5 Quality analysis 
3.5.1 Cell survival 
The cell viability or survival of microorganisms through drying for each dried mesophilic mixed 
culture sample was determined through MPN enumeration for both methanogens and anaerobes 
and expressed in terms of log reduction in Table 10. The lowest log reduction for methanogens 
and anaerobes were obtained from 22℃-drying for heat pump drying with 1.4 & 2.4 and from 
50℃ for hot air circulation oven with 1.5 & 5.6 respectively. Meanwhile, the log reductions 
after spray drying of Lactobacillus acidophilus ranges from 1.09 to 2.59 [54]. The values of log 
reduction for methanogens fall within this range, at 1.4 to 1.9 as shown by Table 10. On the 
other hand, the values of log reduction for anaerobes are significantly higher than those obtained 
for spray drying of Lactobacillus acidophilus, especially in the case of hot air circulation oven 
drying. Higher log reductions indicate that more cell deaths occur during the drying process. 
This is due to absence of protectant during drying for result obtained in Table 10. In contrast, 
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the lower log reduction values from literature was obtained using non-fat milk at concentration 
of 25-40% as a protectant during the drying process [54]. In addition, the general trend towards 
milder drying temperature was likely due to the nature of mesophilic mixed culture which 
thrives at 20-35℃ combined with reduced thermal inactivation when drying was conducted at 
relatively lower temperatures [55,56]. As such, the mesophiles within mixed culture suffer from 
higher cell inactivation at higher temperature drying in a hot air circulation oven. 
On a side note, it can be observed from Table 10 that the ratio of methanogens-to-anaerobes, 
'[/'\, is shown to be maximum for oven dried mixed culture dried at 60℃. This indicated 
maximum is rather trivial as the high '[/'\ is a result of huge drop in '\ for hot air circulation 
oven drying of mesophilic mixed culture. Thus, the best drying technique for mesophilic mixed 
culture remains as heat pump drying at 22℃. 
On the other hand, heat pump requires much longer time to complete the drying process. In fact, 
it could take up to seven times as long as compared to hot air circulation oven drying as shown 
in Table 5. It is thus important to weigh over the importance of achieving high cell survivability 
over lower cost and drying time. Moreover, the performance of mixed culture in treating POME 
after subjected to drying process must also be considered and is discussed below. 
3.5.2 Treatment performance 
COD is one of the most important parameters to gauge the pollution level in wastewater. High 
COD values indicate high depletion of oxygen when the wastewater is discharged to waterways. 
COD has also been taken as one of the discharge limit criteria such as by Malaysian Department 
of Environment [7]. Moreover, it is essential to measure COD removal capability of the 
mesophilic sludge after drying as start-up time can be greatly reduced with high COD removal 
efficiency at the start of the process. Therefore, COD removal was taken as one of the main 
measures of performance for mesophilic sludge in treatment of Promotable 11 shows that 
mesophilic seed sludge that did not undergo drying gives the best COD removal and methane 
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yield. This is in line with expectation as the drying is known to result in cell death to part of the 
mixed culture population [44]. Mesophilic mixed culture dried at the various drying 
temperatures, however, still gives comparable average COD removals in the range of 46.8% to 
55.3%, with fairly similar trend with the preceding cell viability, where more favourable results 
were obtained with decreasing drying temperature. Statistical analysis was further conducted to 
show that mixed culture dried at 20℃ gave rise to significantly higher COD removal relative to 
other drying temperatures. In terms of methane yield, mesophilic mixed culture that was dried at 
50℃ in a hot air circulation oven produces highest yield at 37.6 mL CH4/g COD when 
compared with other drying temperatures. Meanwhile, COD removal from drying at 50℃ does 
not differ significantly from COD removals obtained from drying at 32℃, 40℃, and 60℃. 
However, COD removals obtained from these drying temperatures (32℃, 40℃, 50℃ and 60℃) 
fall in the second highest band (superscript c in Table 11), excluding seed sludge which did not 
undergo drying. It is most likely that a balance between drying temperature and drying duration 
was reached at 50℃-drying, producing a dry product with moisture content that favours the 
survival of methanogens, eventually resulting in second highest values for both '[ (after HP 
22°C) and '[/'\ (after 60°C) as illustrated by Table 10. Optimum moisture content as well as 
drying time are both directly affected by drying temperature and could influence the cell 
viability in mixed culture after drying [57]. 
Moreover, Figure 7 shows that oven-dried mixed cultures appeared to experience less 
fluctuation in pH level when compared with those dried under heat pump. This factor further 
contributes to the relatively higher methane yield generated by oven-dried mixed culture as 
methanogenesis is considerably sensitively to pH changes [58]. 
It can also be seen from Table 11, although mixed culture dried at 50℃ gives significantly 
higher methane yield, its COD removal is closely similar in values when compared to those 
from other drying temperatures. This is most likely due to the difference in composition of 
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microbial population within the mixed cultures dried at different temperatures. There are 
typically four major groups of microorganism in an anaerobic mixed culture whereby the 
methanogens are largely responsible for the production of biogas[59]. Moreover, higher 
methanogens-to-anaerobes ratio in 50℃-dried sludge is also evident in Table 10 when it is 
compared to 22℃-dried sludge. Based on this knowledge, it could be deduced that mixed 
culture dried at 50℃ contains a more balanced proportion of methanogens to anaerobes. 
3.5.3 pH level 
Figure 7 shows pH fluctuation during treatment of POME using rehydrated sludge, At the start 
of the treatment performance experiment, pH level is rather unstable with tendency to acidic 
side and requires addition of sodium bicarbonate to bring it up to pH 6.8 for ideal biogas 
generation [60]. However, beyond six days the pH level no longer fluctuates and seems to stay 
within the permissible discharge limit of 5.0-9.0 set by Environmental Quality Act (EQA) 1974. 
Overall, the acidity of the bioreactor systems was found to decrease over time as shown by net 
upward trend of the graphs in Figure 7. This is due to efficient consumption of organic acids 
within POME by the mixed culture that was eventually converted into biogas as well as other 
products of anaerobic digestion. 
On a side note, it can be noticed that systems with oven-dried mixed culture experienced less 
fluctuation in pH. This is related to the finding on cell survival in Table 10, where high log 
reduction in anaerobes indicates that they were drastically reduced during oven drying while log 
reduction in methanogens were low. This translates into the reduction of microorganisms which 
are responsible for hydrolysis, acidogenesis, and acetogenesis. As a result, the rate of 
acidogenesis decreases which led to lower acid content in the system, and thus less disturbance 
to the pH level. 
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4 Conclusion 
The drying time of mesophilic mixed culture was found to increase with drying temperature. 
Heat pump drying takes considerably longer time, ranging from 23.0 to 26.6 hours while drying 
time for hot air circulation oven drying ranges from 3.5 to 7.5 hours. The variation in moisture 
ratio with time during drying of mesophilic mixed culture was found to be best represented by 
approximation of diffusion model and page model for heat pump drying and hot air circulation 
oven drying respectively. Drying rates and effective moisture diffusivities were found to be in 
the range of 4.670 to 21.55 g H2O/m
2.min and 8.47×10-9 m2 to 3.62×10-8 m2 respectively, 
where both parameters increase with drying temperature. In term of quality analysis, heat pump 
dried mesophilic mixed culture at 22℃ gave rise to best methanogenic survival, anaerobic 
survival, and COD removal. Hot air circulation oven at 50℃ however, produces dried mixed 
culture that gave highest methane yield and better pH stability. It might appear that either one of 
these two drying conditions could be considered as the most suitable drying condition 
depending on the desired outcome. For instance, when drying is conducted for long term 
preservation, heat pump drying at 22℃ could be applied to maximise cell survivals. In contrast, 
when drying is conducted for short term storage and transportation to industrial sites, hot air 
circulation oven drying at 50℃ is the more suitable option. Additionally, oven drying at 50℃ is 
more practical in industrial setting as drying duration is shorter. All in all, this study verified the 
feasibility of convective air drying in preserving mesophilic mixed culture. 
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Table 1 Characteristic of POME from various sources and regulated discharge limit 
Parameters
c
 Ahmad & 
Ghufran [5] 
Poh & Chong 
[6] 
Ma 
[7] 
Edewor 
[8] 
Discharge Limit 
[9] 
Biochemical Oxygen 
Demand (BOD) 
25,000 24,615 25,000 30,205 100 
Chemical Oxygen 
Demand (COD) 
51,000 48,080 50,000 61,650 - 
Total Solids (TS) 40,000 - 40,500 54,700 - 
Suspended Solids (SS) 18,000 15,800 18,000 31,850 400 
Oil and Grease 6,000 9,300 4,000 35,000 50 
Ammoniacal-Nitrogen 35 - 35 24 150
d
 
Total Nitrogen (TN) 750 885 750 785 200d 
pH 4.2 4.7 4.7 3.8 5.0-9.0 
Temperature, ℃ 85 - 85  45 
cExcept pH and temperature all other parameters are in mg/L, temperature in °C; dfiltered sample 
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Table 2 Characteristics of mesophilic seed sludge used in this study 
Seed Sludge Description 
VSS 41,760 mg/L 
Density 1.069 g/cm
3 
Appearance Black, fine solids with presence of granules 
Storage Condition Kept at ambient temperature (25°C) under anaerobic condition 
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Table 3 Characteristics of POME used in this study 
Parameters Concentration 
pH 4.64 
BOD 3,750 mg/L 
COD 110,300 mg/L 
Total Suspended Solids (TSS) 49,800 mg/L 
Volatile Suspended Solids (VSS) 33,500 mg/L 
Storage conditions POME is stored at 4°C if not used immediately 
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Table 4 Kinetic models for drying curves 
No Model  Equation 
1 Newton  = 	(−
)  
2 Page  = 	(−
) 	
3 Modified Page  = 	(−(
)) 	
4 Henderson and Pabis  = 			(−
) 	
5 Wang and Singh  = 	1 + 	 + 	 	
6 Logarithmic  = 		(−
)	+ 	 	
7 Two Term  = 		(−
) + 			(−
) 	
8 Two Term Exponential  = 		(−
) + (1 − )(−
) 	
9 Approximation of Diffusion  = 		(−
) + (1 − )	(−
) 	
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Table 5 Drying characteristics of mesophilic mixed culture using heat pump and hot air 
circulation oven 
Drying 
Method 
Drying time (hours) EMC 
(g free H2O/gdry solid) Average SD 
Heat Pump 22℃ 26.6
a 0.40 0.148 
Heat Pump 32℃ 23.0
b 
0.29 0.046 
Oven 40℃ 7.5
c 
0.21 0.034 
Oven 50℃ 5.8
d 0.25 0.026 
Oven 60℃ 4.5
e 
0.056 0.017 
Oven 70℃ 3.5
f 
0.25 0.012 
a, b, c, d, e, f different superscript letters denotes that the values are significantly different (p<0.05)  
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Table 6 Statistical analysis of mathematical models for heat pump and hot air circulation oven drying of mesophilic mixed culture at various 
temperatures 
Model   22°C  
 
 32°C  
 
 40°C  
            
Newton  0.9968 3.398×10
-2
 1.200×10
-4
  0.9982 5.719×10
-2
 3.340×10
-3
  0.9775 1.508×10
-1
 2.416×10
-3
 
Page  0.9978 2.674×10
-2
 7.300×10
-4
  0.9942 4.052×10
-2
 1.680×10
-3
  0.9888 6.399×10
-2
 4.351×10
-3
 
Modified Page  0.9968 3.398×10
-2
 1.180×10
-3
  0.9882 5.719×10
-2
 3.340×10
-3
  0.9956 1.418×10
-1
 2.267×10
-2
 
Henderson & Pabis  0.9968 3.283×10
-2
 1.100×10
-3
  0.9889 5.326×10
-2
 2.890×10
-3
  0.9822 1.461×10
-2
 2.74×10
-2
 
Wang & Singh  0.9900 6.470×10
-2
 4.280×10
-3
  0.9899 4.543×10
-2
 2.110×10
-3
  0.9945 1.390×10
-1
 3.41×10
-2
 
Logarithmic  0.9968 3.152×10
-2
 1.020×10
-3
  0.9889 5.171×10
-2
 2.730×10
-3
  0.9883 1.369×10
-1
 2.73×10
-2
 
Two Tem  0.9968 3.283×10
-2
 1.100×10
-3
  0.9889 5.326×10
-2
 2.890×10
-3
  0.9822 1.461×10
-1
 2.74×10
-2
 
Two Term Exponential  0.9968 3.413×10
-2
 1.190×10
-3
  0.9943 5.719×10
-2
 3.340×10
-3
  0.9929 1.383×10
-1
 2.87×10
-2
 
Approximation of Diffusion  0.9980 2.558×10
-2
 6.700×10
-4
  0.9939 4.039×10
-2
 1.660×10
-3
  0.9836 1.464×10
-1
 2.64×10
-2
 
Model   50°C  
 
 60°C  
 
 70°C  
            
Newton  0.9866 8.419×10
-2
 7.260×10
-3
  0.9444 1.215×10
-1
 1.500×10
-2
  0.8145 2.264×10
-1
 5.200×10
-2
 
Page  0.9962 3.471×10
-2
 1.230×10
-3
  0.9698 9.749×10
-2
 9.680×10
-3
  0.8603 2.144×10
-1
 4.660×10
-2
 
Modified Page  0.9867 7.319×10
-2
 7.260×10
-3
  0.9444 1.215×10
-1
 1.500×10
-2
  0.8145 2.264×10
-1
 5.200×10
-2
 
Henderson & Pabis  0.9826 7.319×10
-2
 5.480×10
-3
  0.9512 7.319×10
-2
 1.320×10
-2
  0.8314 2.224×10
-1
 5.020×10
-2
 
Wang & Singh  0.9959 3.611×10
-2
 1.340×10
-3
  0.9656 1.025×10
-1
 1.070×10
-2
  0.8583 2.166×10
-1
 4.760×10
-2
 
Logarithmic  0.9945 3.831×10
-2
 1.500×10
-3
  0.9658 1.032×10
-1
 1.080×10
-3
  0.8314 2.161×10
-1
 4.740×10
-2
 
Two Tem  0.9826 7.319×10
-2
 5.480×10
-3
  0.9512 1.140×10
-1
 3.250×10
-2
  0.8139 2.265×10
-1
 5.020×10
-2
 
Two Term Exponential  0.9937 4.438×10
-2
 2.020×10
-3
  0.9443 1.216×10
-1
 1.510×10
-2
  0.8539 2.265×10
-1
 5.210×10
-2
 
Approximation of Diffusion  0.9945 4.121×10
-2
 1.740×10
-3
  0.9661 9.989×10
-2
 1.020×10
-2
  0.8536 2.155×10
-1
 4.720×10
-2
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Table 7 Mathematical models that represent drying kinetic of mesophilic mixed culture using 
heat pump and hot air circulation oven 
Drying 
Method 
Model Parameters r RMSE  
Heat Pump 
22℃ 
Approximation 
of Diffusion 
a = -1.568 
k = 7.02×10-3 
b = 0.7137 
0.99798 2.558×10
-2
 6.70×10
-4
 
Heat Pump 
32℃ 
Approximation 
of Diffusion 
a = -3.363 
k = 1.05×10-2 
b = 0.8205 
0.99394 4.039×10
-2
 1.66×10
-3
 
Oven 40℃ Page k = 2.60×10
-4
 
n = 1.450 
0.98876 6.350×10
-2
 4.11×10
-3
 
Oven 50℃ Page k = 4.70×10-3 
n = 1.549 
0.99616 3.471×10-2 1.23×10-3 
Oven 60℃ Page k = 4.78×10-4 
n = 1.622 
0.96977 9.749×10
-2
 9.68×10
-3
 
Oven 70℃ Page k = 5.80×10
-4
 
n = 1.695 
0.86034 2.144×10
-1
 4.66×10
-2
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Table 8 Drying rates for convective air drying of mesophilic mixed culture 
Drying Method Average dying rate (g H2O /m
2
) 
Heat Pump 22℃ 4.670 
Heat Pump 32℃ 5.784 
Oven 40℃ 8.568 
Oven 50℃ 12.87 
Oven 60℃ 19.41 
Oven 70℃ 21.55 
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Table 9 Coefficients for effective diffusivities in drying of mesophilic mixed culture under various drying conditions 
Drying Methods        	 
, (/) 
HP 22℃ 2 ×10-8 -3×10-9 1×10-9 -3×10-10 4×10-11 -2×10-12 6×10-14 0.9999 8.47×10-9 
HP 32℃ 2×10-8 -9×10-9 3×10-9 -4×10-10 -2×10-11 9×10-12 2×10-13 0.9999 9.65×10-9 
Oven 40℃ 2×10-8 -2×10-9 -3×10-9 2×10-9 -4×10-10 4×10-11 -2×10-12 0.9625 3.39×10-8 
Oven 50℃ 4×10-8 -3×10-8 2×10-8 -9×10-9 2×10-9 -3×10-10 2×10-13 0.9998 3.88×10-8 
Oven 60℃ 7×10-8 -6×10-8 5×10-8 -2×10-8 5×10-9 -6×10-10 7×10-13 0.9987 4.25×10-8 
Oven 70℃ 8×10-8 -8×10-8 7×10-8 -4×10-8 1×10-8 -2×10-9 1×10-12 0.9999 4.62×10-8 
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Table 10 Most probable number (MPN) and survival of mesophilic mixed culture following drying process 
Drying Technique 
Most Probable Number (ml
-1
)  Log Reduction 
Methanogens,  Anaerobes,  / (%)  Methanogens Anaerobes 
Mesophilic seed sludge 9.30 × 10
 1.99 × 10
 4.67 × 10  n/a n/a 
Heat Pump 22℃ 0.36 × 10
 7.50 × 10 4.80 × 10  1.4 2.4 
Heat Pump 32℃ 0.24 × 10
 1.15 × 10 2.08 × 10  1.6 3.2 
Oven 40℃ 0.16 × 10
 2.90 × 10 5.52 × 10  1.8 5.8 
Oven 50℃ 0.29 × 10
 4.60 × 10 6.30 × 10  1.5 5.6 
Oven 60℃ 0.21 × 10
 2.30 × 10 9.13 × 10  1.6 5.9 
Oven 70℃ 0.20 × 10
 3.60 × 10 5.56 × 10  1.7 5.7 
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Table 11 Treatment performance of mesophilic mixed culture before and after drying under heat 
pump and hot air circulation oven 
Drying Technique  
COD Removal (%)  Methane Yield (mL CH4/g COD) 
Mean SD  Mean SD 
Mesophilic Seed Sludge 67.4a 9.8  44.1v 10.5 
Heat Pump 22℃ 55.3
b 
8.9  17.9
y 
1.74 
Heat Pump 32℃ 52.8
c 5.6  14.1z 1.66 
Oven 40℃ 52.9
c 
2.7  13.9
z 
1.55 
Oven 50℃ 53.5
c 
3.4  37.6
w 
2.89 
Oven 60℃ 50.2
c,d 4.5  22.3x 3.61 
Oven 70℃ 46.8
d 
7.0  37.2
w 
2.90 
a,b,c,d,v,w,x,y,z
 different superscript letters denotes that the values are significantly different 
(p<0.05) 
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Figure 1 Schematic diagram of UASB batch reactor 
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Figure 2 Schematic diagram of heat pump dryer 
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Figure 3 Diffusivity profile over moisture content according to Luikov (1968) 
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Figure 4 Drying kinetics of mesophilic mixed culture at different drying temperatures using heat 
pump and hot air circulation oven (HP – Heat Pump) 
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Figure 5 Average drying rate of mesophilic mixed culture at various moisture contents (HP- 
Heat Pump) 
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Figure 6 Variation in effective diffusivity with moisture content for heat pump and oven drying 
of mesophilic mixed culture (HP – Heat Pump) 
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Figure 7 pH levels in the system over the twelve days treatment period for mesophilic mixed 
culture dried at various temperatures 
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Table Captions 
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Figure Captions 
Figure 1 Schematic diagram of UASB batch reactor 
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Figure 3 Diffusivity profile over moisture content according to Luikov (1968) 
Figure 4 Drying kinetics of mesophilic mixed culture at different drying temperatures using heat 
pump and hot air circulation oven (HP – Heat Pump) 
Figure 5 Average drying rate of mesophilic mixed culture at various moisture contents (HP- 
Heat Pump) 
Figure 6 Variation in effective diffusivity with moisture content for heat pump and oven drying 
of mesophilic mixed culture (HP – Heat Pump) 
Figure 7 pH levels in the system over the twelve days treatment period for mesophilic mixed 
culture dried at various temperatures 
Page 45 of 45
URL: http:/mc.manuscriptcentral.com/ldrt  Email: mpeasm@nus.edu.sg
Drying Technology
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
